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Differential scanning calorimetry (DSC) was applied to ascertain the effect caused by K+, Na+, ATP, deter-
gent, DPPC, DPPE, and subunit c on the thermostability of Na,K-ATPase. The enthalpy variation (DH) for
the thermal denaturation of the membrane-bound is twice the DH value obtained for solubilized Na,K-
ATPase. Denaturation occurs in ﬁve steps for membrane-bound against three steps for the solubilized
enzyme, therefore a multi-step unfolding process. In the presence of Na+, the melting temperature is
61.6 C, and the DH is lower as compared with the DH obtained in the presence or in the absence of
K+. Addition of ATP does not alter the transition temperatures signiﬁcantly, but the shape of the curve
is modiﬁed. Subunit c probably stabilizes Na,K-ATPase in the beginning of thermal unfolding, and differ-
ent amounts of detergents in the solubilized sample change the protein stability. Reconstitution of Na,K-
ATPase into a liposome shows that lipids exert a protector effect. These results reveal differences on the
thermostability depending on the conformation of Na,K-ATPase. They are relevant because it allows a
comparison with future studies, e.g. how the composition of the membrane interferes on the stability
of Na, K-ATPase, elucidating the importance of the lipid type contained in cell membrane.
 2013 Elsevier Inc. Open access under the Elsevier OA license. Introduction
The discovery of Na,K-ATPase by Skou [1] was a critical step in
the study of the cell as a basic unit of animal life [2]. The Na,K-
pump moves three Na+ ions out of and two K+ ions into the cell
for each hydrolyzed ATP molecule. The sodium pump is ubiquitous
because it is necessary for regulation of the volume of animal cells.
Moreover, the Na+ gradient is the energy source for facilitated
transport of other ions and metabolites. The generation and main-
tenance of membrane potentials are necessary for nerve transmis-
sion and muscle contraction and excitability [3–5]. A number of
studies have suggested that Na,K-ATPase interacts with neighbor-
ing membrane proteins in caveolae and organizes cytosolic cas-
cades of signaling proteins, so that messages can be sent to
intracellular organelles in different tissues [6]. The Na,K-pump acts
as receptor for the cardiac glycosides that are effective in heart fail-
ure through inhibition of the enzymatic activity [7]. Na,K-ATPase is
essential for cell viability, and it has been indirectly implicated in
the etiology of diseases such as hypertension and diabetes [8].
The functional Na,K-ATPase is a heterodimer, and subunits a and
b are crucial to the catalytic and transport functions. In some tis-
sues, like the kidneys, Na,K-ATPase contains a third subunit, c,
which displays a regulatory function [9]. Subunit a has a trans-i).
evier OA license. membrane domain formed by 10 segments: aM1–aM10. Subunit
b contains a large glycosylated extracellular portion and is an-
chored to the membrane by a single helical segment [5]. Subunit
c or protein FXYD2 displays a single trans-membrane segment
with an extracellular N terminus and a cytoplasmic C terminus
[10]. New information on the structure and function of Na,K-ATP-
ase has been obtained from crystal structures. The structure of the
protein from the shark was determined at a resolution of 2.4 Å. It is
similar to that of the pig protein, previously determined at 3.5 Å. It
completes the structure of the ectodomain of b- subunit and iden-
tiﬁes cholesterol at a proposed lipid-binding site. The crystal form
of the shark Na,K-ATPase was also soaked with cardiotonic steroid
ouabain, which provided insights into a low-afﬁnity cardiotonic
steroid-binding site in Na,K-ATPase among helices aM1, aM2
and aM4-M6 [5,11–13]. Although the crystal structure of Na,K-
ATPase has been established, many studies are still required for
deeper understanding of the biological pump operation [8].
Calorimetric techniques have played a pivotal role in the devel-
opment of our understanding of the energetic and thermodynamic
mechanisms underlying protein folding–unfolding transitions [14].
Differential Scanning Calorimetry (DSC) studies on the thermal
denaturation of proteins have had a central part in the develop-
ment of the current views about the factors that determine protein
stability [15].
Our group has investigated the structure–function and stability
of Na,K-ATPase by means of biophysical techniques such as Circu-
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cence Emission, Surface Tension, Dilatational Elasticity, and Small-
Angle X-ray Scattering (SAXS). CD showed that the surfactant/en-
zyme ratio affects the aggregation of the solubilized protein with
C12E8 [16–21]. At high detergent concentrations (greater than
2.7 mg/mL), the activity is almost completely lost, and the form
(ab)n does not exist, because the detergent leads to dissociation
of subunits a and b. SAXS revealed that subunits a self-assemble
into a4 after dissociation [21]. The IR and ﬂuorescence emission
studies on the enzyme reconstituted into liposome evidenced that
the cytoplasmic domain of subunit a is responsible for aggregation
of the enzyme in a proteoliposome sample [20]. Here we have used
calorimetry for direct measurement of the thermal stability, so as
to conﬁrm previous results and increase our understanding of
how detergent inﬂuences protein stability. DSC is a powerful tech-
nique to assess how factors such as the presence of ions (Na+ and
K+), substrate (ATP), lipids, and subunit c alter protein conforma-
tion and change its thermal stability.Material and methods
Material
All the solutions were prepared with Millipore Direct-Q ultra-
pure apyrogenic water. All the reagents were of the highest com-
mercially available purity. Tris[hydroxymethyl]aminomethane
(Tris), N-(2-hydroxyethyl) piperazine-N0-ethanesulfonic acid
(HEPES), adenosine 50-Triphosphate tris salt (ATP), bovine serum
albumin (BSA), dodecyloctaethyleneglycol (C12E8), dipalmitoyl-
phosphatidylcholine (DPPC), and dipalmitoylphosphatidylethanol-
amine (DPPE) were purchased from Sigma.
Ethylenediaminetetracetic acid (EDTA), ammonium bicarbonate
(NH4HCO3), potassium chloride (KCl), sodium chloride (NaCl),
and trichloroacetic acid (TCA) were obtained fromMerck. Biobeads
was acquired from BioRad.Preparation of Na,K-ATPase
Membrane-bound and solubilized/puriﬁed Na,K-ATPase were
obtained from the dark red medulla of the rabbit kidney as previ-
ously described in [16]. The membrane-bound enzyme was at-
tained in homogenization buffer (20 mM imidazole buffer, pH
6.8, containing 250 mM sucrose, 6 mM EDTA, and 6 mM Tris). After
solubilization, the puriﬁed protein was maintained in solubiliza-
tion buffer (5 mM Tris–HCl buffer, pH 7.0, containing 15 mM KCl,
6 mM EDTA and 0.005 mg/mL C12E8).Extraction of subunit c
Extraction of subunit cwas carried out as described in [22] with
some modiﬁcations. Membrane-bound Na,K-ATPase (1.0 mL,
1.0 mg) was diluted 16-fold with 46% (v/v) methanol, 46% (v/v)
chloroform, and 8% (v/v) 750 mM NH4HCO3 mixture. The sample
was centrifuged for 5 min at 600g, and the supernatant (subunit
c) was dried under N2 ﬂux. The dry material was suspended in
500. Next, selective precipitation with diethyl-ether was accom-
plished as described in [22]. The precipitate was suspended in
500 lL of the homogenization buffer.Preparation of the proteoliposome
A DPPC:DPPE (1:1 w/w) proteoliposome was prepared by the
co-solubilization method using a lipid:protein ratio 1:3 (w/w), as
previously described in [17,20].Proteolysis with trypsin
Membrane fractions containing Na,K-ATPase were treated with
trypsin at a protein:trypsin ratio 3:1 (w/w). After 30 min at 37 C,
the smaller polypeptide units and trypsin were eliminated by
ultracentrifugation for 1 h, at 100,000g and 4 C. The pellet was
suspended in homogenization buffer.
Analysis of the protein
Concentration of the protein was estimated in the presence of
2% (w/w) SDS as described in [16]. Determination of the protein
in the proteoliposome was performed according to the methodol-
ogy described in [23]. Bovine serum albumin was used as standard.
Enzymatic activity
Activity of the enzyme ATPase was discontinuously assayed at
37 C in a ﬁnal volume of 1.0 mL by quantiﬁcation of phosphate re-
lease as described in [24]. The reaction was initiated by addition of
the enzyme, and it was stopped with 0.5 mL of cold 30% TCA
solution.
Differential scanning calorimetry (DSC)
Melting temperatures (Tm) and variation of the thermal dena-
turation enthalpy (DH) of the membrane-bound Na,K-ATPase, the
solubilized enzyme and the proteoliposome were measured by
DSC. The samples and reference (buffer) were placed in the calo-
rimeter and analyzed on the apparatus Nano-DSC II from Calorim-
etry Sciences Corporation, CSC (Lindon, Utah, USA). All the samples
were degassed under vacuum (140 mbar) for 30 min before use.
Scans were recorded from 20 to 90 C at an average heating rate
of 0.5 C/min, under pressure of 3 atm. The baseline was deter-
mined by ﬁlling the sample and the reference cells with buffer
solution. Data was analyzed with the ﬁtting program CpCalc pro-
vided by CSC. The plot and deconvolution were carried out by using
Origin version 8.0 (Gausian deconvolutions with R2 > 0.993).
Results and discussion
To study the effects of factors such as the presence of detergent,
lipids, K+ and Na+ ions, substrate and, subunit c on the stability of
Na,K-ATPase, we conducted DSC experiments using Na,K-ATPase
from the rabbit kidney in different conditions.
The heat capacity proﬁle of a macromolecular system undergo-
ing a temperature-induced transition; e.g. protein unfolding is
characterized by the presence of one or more peaks in the transi-
tion region. The change in enthalpy associated with the unfolding,
DH, is the area under the curve [14]. A recent review described DSC
as a tool for protein folding and stability [25].
Membrane-bound Na,K-ATPase
Fig. 1-A shows the heat capacity proﬁle of the membrane-
bound Na,K-ATPase from the rabbit kidney. Deconvolution of the
endotherm indicates a ﬁve-step thermal denaturation, with transi-
tion temperatures (Tt) of 47.9, 52.9, 57.7, 62.9 and 69.0 C
(Tm  58 C, Table 1). Grinberg et at. [26] described transition tem-
peratures of 47.5, 54.3 and 58.4 C (Tm  53 C) for the membrane-
bound Na,K-ATPase extracted from the pig kidney. Fodor et al. [27]
found transition temperatures of 33.2, 41.5, 45.1 and 50.2 C
(Tm  44 C) for membranous Na,K-ATPase from the shark and
49.0, 52.7, 54.6, 62.7 and 70.1 C (Tm  54 C) for membranous
Na,K-ATPase from pig kidney. Rescan of the sample reveals that
Fig. 1. Excess heat capacity, after baseline subtraction, of the membrane-bound
Na,K-ATPase from the rabbit kidney obtained in homogenization buffer: (A)
without trypsin treatment and (B) after trypsinization as described in Proteolysis
with trypsin. Dashed lines represent the best peak deconvolution.
Table 1
Denaturation temperatures (Ti) of the i-domains (i = 1–5) of Na,K-ATPase in different
conditions.
Sample T1 (C) T2 (C) T3 (C) T4 (C) T5 (C)
MF 47.9 52.9 57.7 62.9 69.0
MF digested – 50.8 57.2 64.0 –
SP without K+ – – 52.2 57.8 66.9
SP with K+ – – 55.0 62.7 69.5
SP with Na+ – – 54.3 61.7 68.8
SP with c/K+ 48.4 – 56.8 62.8 69.2
SP with ATP/K+ – – 54.2 61.9 69.8
SP with lipid – – 54.8 64.3 71.9
MF: membrane fractions (membrane-bound Na,K-ATPase), SP: solubilized protein.
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seen in the second scan.
Na,K-ATPase comprises domains that are exposed to the aque-
ous medium and domains that are in contact with the lipid compo-
nents of the membrane [18]. It is known that the thermal
denaturation of membrane and soluble proteins are different, be-
cause the two classes of protein have very distinct environments
[28–30]. The total enthalpy variation (DHt) values of ca. 500 kcal/
mol obtained here are smaller than those achieved for the unfold-
ing enthalpies of small globular proteins. This indicates that trans-
membrane helices probably retain most of their secondary
structure [26,31], and that only part of the protein unfolds, mostlikely the cooperative domains situated outside the membrane.
The DH value found for the thermal denaturation of membrane-
bound Na,K-ATPase (513 kcal/mol, Table 2) is relatively close to
values reported by other groups (420 kcal/mol [26] and
690 kcal/mol [27]), and the difference is probably due to the
use of different sources, preparation methods, and protein condi-
tions in the medium.
To assign the transitions, we carried out digestion of membrane
fractions with trypsin. The exposed regions of subunit a of Na,K-
ATPase are attacked, whereas subunit b and the intramembranous
moiety remain intact [26,32]. Comparison of the endotherm of the
intact membrane-bound Na,K-ATPase (Fig. 1-A) with that of its di-
gested counterpart (Fig. 1-B) reveals that only the central part of
the curve is maintained, with a melting temperature of 57 C,
and the ﬁrst (T1) and last (T5) transitions completely disappear
(Fig. 1-B). Moreover, the DHt values are reduced to more than half
the initial value (Table 2). Grinberg et al. [26] identiﬁed an inter-
mediate transition, assigned to subunit b. Here, the central part
of the peak is maintained after proteolysis, suggesting that the
intermediate transition may also be related to subunit b. Thus,
the beginning and the end of the unfolding process can be ascribed
to extramembranous parts of subunit a.
Unfortunately, we were not able to identify which domain is
denaturing and the kind of conformational change that is happen-
ing induced by the increase in temperature.Detergent-solubilized Na,K-ATPase: effect of solubilization and subunit
c
Most studies have been accomplished on membrane-bound
Na,K-ATPase. However, solubilization of the protein is required
for some biochemical and biophysical techniques. Therefore, it is
very important to maintain the protein in a functional and folded
state by solubilization with detergent molecules for studies
in vitro [33]. Na,K-ATPase was removed from the natural mem-
brane with the detergent C12E8, which was followed by puriﬁcation
in one chromatographic step, as described in [16]. The active en-
zyme was maintained mainly in its dimeric form (ab)2 in a solubi-
lization buffer. The thermal denaturation proﬁle recorded for the
detergent-solubilized sample in the presence of K+ ions is dis-
played in Fig. 2. The thermal unfolding of this sample takes place
at higher temperature as compared with the membrane-bound
Na,K-ATPase. However, deconvolution evidences three peaks only,
at 55.0, 62.7 and 69.5 C (Table 1), and DHt is lower (245 kcal/mol,
Table 2).
The thermal denaturation of domain 1 (Tt = 47.9 C) and 2
(Tt = 52.9 C) is no longer seen after solubilization (Table 1). This
is probably because the solubilization process causes the unfolding
of these structures, although the solubilized and puriﬁed enzyme
retains catalytic activity (60%). This indicates that these struc-
tures are not primordial for Na,K-ATPase function.
The environment around the Na,K-ATPase should promote this
different thermal denaturation. The replacement of the endoge-
nous lipid membrane with detergent molecules and loss of subunit
c during solubilization can determine the change on the shape of
the endotherm.
No band corresponding to subunit c can be seen in the electro-
phoresis gel of solubilized Na,K-ATPase (data not shown), because
this subunit is probably lost during the solubilization/puriﬁcation
process. Subunit c had been previously extracted from the mem-
brane fractions and incubated with a sample of solubilized Na,K-
ATPase, which led to an increase in enzymatic activity (15%). The
heat capacity proﬁle of this sample is exhibited in Fig. 3, and the
endotherm can be separated into four components. Interestingly,
one peak appears below 55 C, more speciﬁcally at 48.4 C, and
Table 2
Denaturation enthalpy (DHi) of the i-domains (i = 1–5) of Na,K-ATPase in different conditions.
Sample DH1 (kcal/mol) DH2 (kcal/mol) DH3 (kcal/mol) DH4 (kcal/mol) DH5 (kcal/mol) DHt (kcal/mol)
MF 65 114 207 109 18 513
MF digested – 24 136 40 – 200
SP without K+ – – 12 99 21 131
SP with K+ – – 18 176 51 245
SP with Na+ – – 23 64 18 105
SP with c/K+ 43 – 177 126 48 394
SP with ATP/K+ – – 57 106 83 246
SP with lipid – – 180 217 41 438
MF: membrane fractions (membrane-bound Na,K-ATPase), SP: solubilized protein.
Fig. 2. Excess heat capacity of solubilized Na,K-ATPase in solubilization buffer after
baseline subtraction. Dashed lines represent the best peak deconvolution.
Fig. 3. Excess heat capacity of solubilized Na,K-ATPase in solubilization buffer after
addition of subunit c after baseline subtraction. Dashed lines represent the best
peak deconvolution.
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absence of subunit c are maintained.
The subunit c or FXYD2 belongs to the family of proteins FXYD.
It is not essential for the function of Na,K-ATPase, but it modulates
the kinetic properties of this enzyme. There are seven small pro-
teins in this family, and they are expressed and associated with
Na,K-ATPase in a tissue-speciﬁc manner [10]. FXYD2, or subunitc has two sliced variants (FXYD2a and FXYD2b), which are mainly
expressed in the medullary thick ascending limb of the kidney
[34,35]. Interaction with FXYD2a and FXYD2b affects the apparent
afﬁnity of ATPase for extracellular K+ and Na+ weakly, and this
interaction diminishes the apparent afﬁnity of the enzyme for
intracellular Na+ [35]. It is known that FXYD2 enhances the ther-
mal stability of Na,K-ATPase [10,36].
Comparison of the thermograms of the membrane-bound en-
zyme (Fig. 1-A), the solubilized protein in the absence of subunit
c (Fig. 2), and containing subunit c (Fig. 3) evidences that FXYD2
is probably involved in the initial step of thermal denaturation.
After heating of the Na,K-ATPase at 55 C, Donnet et al. [29]
showed that three transmembrane spans (aM8–aM10) and the C
terminus of subunit a were extruded, whilst the rest of subunit
a retained its normal topology with respect to the lipid bilayer.
Bearing in mind that the crystal structure revealed that subunit c
is in contact with aM9 [12], we expected that the presence of c
would inﬂuence the beginning of thermal denaturation; i.e., up
to 55 C. Our DSC experiment shows that denaturation initiates
around 48 C, and that this transition is affected by the presence
of subunit c. The part of the structure of the enzyme (domain 1)
that would be stabilized by c is probably unfolded in its absence.
Therefore, the ﬁrst step of thermal denaturation can be related to
the structure portion next to aM9. The present result shows that
the structure of domain 1 is probably restored by presence of sub-
unit c, which has a pivotal role in the whole structure of Na,K-ATP-
ase in addition to its regulatory function.Solubilized protein in different concentrations of detergent
The study of membrane proteins is hindered by their inherent
hydrophobic nature, which makes their expression and puriﬁca-
tion in sufﬁcient quantities difﬁcult. This kind of proteins is
embedded in a mosaic lipid bilayer, which is a complex, heteroge-
neous, and dynamic environment even in the simplest organism.
These proteins have a strong tendency to aggregation when they
are removed from their native environment. The use of detergents
is thus essential for maintenance of the membrane protein in a
functional, folded state in the absence of its natural environment.
Although it is a simpler system, the interaction between mem-
brane proteins with detergent or lipid vesicles (liposome) mimics
their interaction with the natural membrane. It is necessary to
use this system ﬁrst if one is to gain enough information before
moving onto a more complex and realistic system [30,33,37,38].
C12E8 has been successfully used for Na,K-ATPase solubilization
and this detergent was also used for protein crystallization [11].
We conducted a calorimetric study, for veriﬁcation of the inﬂu-
ence of the detergent/protein (D/P) molar ratio on the thermal sta-
bility of Na,K-ATPase.
The protein can be kept in its solubilized form at a concentra-
tion of C12E8 of 0.005 mg/mL, which is below its critical micelle
concentration (CMC = 0.053 mg/mL, determined in working buf-
Fig. 4. Excess heat capacity of solubilized Na,K-ATPase after baseline subtraction.
Dashed lines represent the best peak deconvolution. The protein was obtained in
solubilization buffer at different Detergent/Protein molar ratios (the number in
parenthesis corresponds to the Detergent concentration expressed in mg of C12E8/
mL) Final concentration of the detergent: A-1.72 (0.005), B-17.2 (0.05), C-34.4
(0.10), D-172 (0.50), E-344 (1.0), F-1700 (5.0), G-3400 (10).
Fig. 5. Relative enzymatic activity of solubilized Na,K-ATPase at different Deter-
gent/Protein ratios. Assays were buffered with 50 mM HEPES buffer, pH 7.5,
containing 3 mM ATP, 5 mM MgCl2, 10 mM KCl and 50 mM NaCl. 100% is the
activity of the solubilized enzyme in 0.005 mg/mL C12E8 (D/P = 1.72). The values are
the average ± SD of three determinations.
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CMC, below the CMC and above this concentration can be viewed
in Fig. 4. The same three transitions are observed for all the D/P ra-
tios until D/P = 344. At higher concentration of C12E8, the shape of
the curve is altered, showing that the amount of detergent mole-
cules has direct inﬂuence on the thermal unfolding of Na,K-ATPase.
A high concentration of detergent causes extinction of the transi-
tion at 55 C and diminishes the enzymatic activity (Figs. 4F, G
and 5). We also heated a pure sample of detergent, for control.
One peak appeared around 80 C, which is out of the range of the
denaturation temperature (data not shown).
The mainly oligomeric form obtained by means of our solubili-
zation/puriﬁcation method is a dimer of the (ab)2 type. Having this
in mind, we studied the effect of the concentration of the surfac-
tant on the oligomerization of Na,K-ATPase. Using small-angle X-
ray scattering, Barbosa et al. [21] described that a high concentra-
tion of detergent leads to dissociation of the dimer to the protomer
ab and even separation of the subunits in extreme conditions. Sub-
units a self-assemble into a4 after separation of subunits. Other
groups also demonstrated the dissociation of high oligomers in
the presence of large concentration of detergent [39,40].
Interestingly, the enzymatic activity reaches a maximum for a
certain amount of detergent (D/P = 172). Hence, there is a suitable
quantity of surfactant that maintains the protein in a folded and
active state. The area under the intermediate peak achieves a max-
imum at this concentration of detergent (Table 3) culminating ingreater stabilization and thus higher enzymatic activity. However,
observation of the three transitions is evidence that the protein re-
tains some enzymatic activity. When the ﬁrst transition at 55 C
disappears, though, activity is no longer detected (Figs. 4A–E and
5).
CD experiments showed that 40–28% of the secondary structure
are lost at 55 C [18]. Added to this, the secondary structure is al-
tered when the D/P molar ratio is increased from 7.5 to 1500
[19]. Considering that the enzyme loses its activity in both cases,
we can conclude that this loss of secondary structure is enough
to destabilize the interaction between the subunits, which culmi-
nates in their separation.
We can speculate that loss of enzymatic activity is a conse-
quence of some structural loss elicited by the presence of excess
detergent molecules or separation of the subunits. This speculation
is based on the fact that an ab complex is necessary for the protein
to function. But, it is difﬁcult to determine whether there is just
dissociation of the dimer into protomers or if the protomer is being
separated into subunits.
The inactivation may be caused by an unfold of some structure,
that is necessary for the activity of Na,K-ATPase. High concentra-
tion of C12E8 leads to the inactivation via a chemical denaturation
that would occur thermally at 55 C. What can be concluded is that
this part of the protein structure has an essential role for the Na,K-
ATPase function. This result is in accordance with those found by
Miles et al. [41] that described that the active site region may be
amongst the earliest parts of the structure to unfold. Here, the ﬁrst
transition observed for solubilized Na,K-ATPase at 55 C must be
related to the unfolding of the active site part.Detergent-solubilized Na,K-ATPase: effect of Na+ ions and ATP
The reaction cycle of Na,K-ATPase involves transition between
two main conformations. The presence of Na+ or K+ ions induces
conformation E1 and E2, respectively. Biochemical and biophysical
evidence support the idea that the structure of the enzyme in E2
(K2) is rather different from that in E1 [42]. Up to now, only one
state: E2-2 K+–MgF24 analogs of E2-2 K
+-Pi in the presence of gam-
ma subunit (and with the speciﬁc inhibitor ouabain: E2-2 K+–
MgF24 -ouabain) was resolved by crystallography and the structure
of E1(P) remains currently unavailable [43].
Table 3
Denaturation temperature (Ti) and denaturation enthalpy (DHi) of the i-domains (i = 3–5) of solubilized Na,K-ATPase at different Detergent/Protein (D/P) molar ratios.
D/P molar ratio [C12E8] (mg/mL) T3 (C) T4 (C) T5 (C) DH3 (kcal/mol) DH4 (kcal/mol) DH5 (kcal/mol) DHt (kcal/mol)
1.72 0.005 55.0 62.7 69.5 18 176 51 245
17.2 0.05 55.2 61.8 68.5 37 167 51 255
34.4 0.10 55.4 61.8 68.5 39 167 79 285
172 0.50 54.1 62.0 67.9 23 215 28 266
344 1.00 54.4 61.0 67.7 66 81 54 201
1700 5.00 – 60.4 65.3 – 33 119 152
3400 10.0 – 63.0 65.7 – 17 49 66
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carried out solubilization of the membrane in the presence of K+
ions. It is known that theses ions stabilize Na,K-ATPase [29,44].
The DSC scan was recorded in the same solubilization buffer,
but without K+ ions, and the heat capacity proﬁle of the protein
in this medium is depicted in Fig. 6-A. In the absence of K+, the
unfolding temperatures are below those recorded in the presence
of the same ion. This decrease reaches a value of 5 C for the second
peak, conﬁrming the protector effect of K+ ions. Addition of Na+
ions to the sample in the absence of K+ changes the shape of the
thermal denaturation curve (Fig. 6-B), and increases the Tm, but
the values are slightly minor as compared with the solubilized en-
zyme in the presence of K+ ions. The total change in enthalpy is also
smaller and this indicates a higher thermal lability of E1 as com-Fig. 6. Excess heat capacity of solubilized Na,K-ATPase after baseline subtraction.
Dashed lines represent the best peak deconvolution. Thermograms were obtained
in solubilization buffer in the (A) absence of KCl and NaCl; (B) presence of 15 mM
NaCl.pared with E2 conformation. The Tm values (Table 1) shows that
binding of physiological ions enhances thermal stability.
Recently, Kaufman and collaborators [42] found opposing ef-
fects for Na+ and K+ on the thermal stability of Na,K-ATPase by
using ﬂuorescence and CD. These authors showed that K+ stabilizes
the enzyme, whereas Na+ decreases its stability. Here, we can con-
clude that conformations acquired in the presence of Na+ e K+ are
different enough to change the thermostability of Na,K-ATPase.
When ATP is added to solubilized Na,K-ATPase in the presence
of K+, neither the unfolding temperatures nor DHt are signiﬁcantly
altered, but the shape of the curve clearly changes (Fig. 7). The
peaks become more deﬁned, suggesting that domains unfold with
little dependence on each other. One review [45] explained the
structural and allosteric effect of ATP. The addition of ATP to the
form E2(K+)2 of the enzyme induces separation of the cytoplasmic
domains, with consequent releasing of K+ ions. The decreased
interaction between the cytoplasmic domains could culminate in
the lower cooperativity observed during thermal denaturation,
indicating that the difference between the closed and open states
is enough to modify the thermal unfolding proﬁle.Proteoliposome
Membrane proteins exist in a heterogeneous environment,
interacting with lipid chains, head groups, and aqueous phases.
These proteins are also inﬂuenced by their lipid surroundings,
which take an active role in the topology of the protein and its
function [30]. The question is if the protein-lipid interaction has ef-
fect on the stability of the membrane protein indirectly via, e.g.,
ﬂuidity or more speciﬁc, as a closer interaction by binding certain
lipids to the protein. This question can be addressed using reconsti-
tution into liposomes of deﬁned lipid composition [23].Fig. 7. Excess heat capacity of solubilized Na,K-ATPase after baseline subtraction.
Dashed lines represent the best peak deconvolution. The thermogram was obtained
in solubilization buffer containing 3 mM ATP.
Fig. 9. Comparative values of Total variation enthalpy of thermal unfolding in
different conditions, as described previously: (MF) Na,K-ATPase membrane frac-
tions; (SP + K) solubilized protein in the presence of K+ ions; (SPK) solubilized
protein in the absence K+ ions; (SP + Na) solubilized protein in the presence of Na+
ions; (SP + K + c) solubilized protein in the presence of K+ ions and subunit c;
(SP + K + ATP) solubilized protein in the presence of K+ ions and ATP and
(SP + K + lipid) proteoliposome sample in the presence of K+ ions.
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cles by the co-solubilization method standardized in our labora-
tory [17]. In contrast to solubilized protein, the detergent
molecules are replaced with lipids in the proteoliposome and
Na,K-ATPase retains about 70% of its activity after incorporation.
The heat capacity proﬁle can also be divided into three peaks, as
seen in Fig. 8. We also examined a DPPC:DPPE (1:1) liposome in
the calorimeter, for control and a peak of much smaller area ap-
peared around 45 C, (results not shown) and the area was sub-
tracted from the area of protein denaturation.
The ﬁrst transition temperature (T3) is maintained at 55 C,
while T4 and T5 are 2 C above the temperatures observed for
the solubilized enzyme (Table 1). The total enthalpy variation
(DHt) is increased almost twofold in the presence of lipids. The ele-
vation in T4 and T5 could indicate protection by lipids mainly on
the second and third domain. However, the DH3 value increased
10-fold.
The effect of lipid bilayer on the stability was also reported for
many membrane proteins, e.g., cytochrome c oxidase [46], Ca2+-
ATPase [47], and rhodopsin [48].
Lipids may impact protein stability through both direct protein-
lipid interactions and through the bulk properties of the lipid bi-
layer. Indeed, a speciﬁc phospholipid acyl chain length and the
presence of cholesterol are essential to support optimal hydrolytic
activity of Na,K-ATPase [49]. The work of Cohen, et al. [50] revealed
a dependence on activity of Na,K-ATPase expressed in Pichia pasto-
ris without lipid and with speciﬁc phospholipids like diol-
eoylphosphatidylcholine and dioleoylphosphatidylserine. Beside
this, Esmann and Marsh [51] reviewed the lipid interactions with
Na,K-ATPase by means of electron spin resonance spectroscopy.
The authors showed the stoichiometries and selectivity of some
spin-labbeled lipids with Na,K-ATPase. A special lipid environment,
e.g., a high concentration of cholesterol may be needed to stabilize
Na,K-ATPase for structure studies. The high cholesterol content is
likely to impact ﬂuidity of the membrane and hence the crystal
structure obtained suggested a speciﬁc site for cholesterol in
Na,K-ATPase structure. This cholesterol molecule, carried through
from native tissue, occupies the position in which a phospholipid
head group was previously located [11,12,43].
In conclusion here, compared with solubilized Na,K-ATPase, the
results obtained for the proteoliposome reveal a larger DHt value,
which is slightly smaller than that obtained for the membrane-Fig. 8. Excess heat capacity of Na,K-ATPase reconstituted in DPPC/DPPE liposome
after baseline subtraction. Dashed lines represent the best peak deconvolution.
Proteoliposome is in 5 mM Tris–HCl buffer, pH 7.0, containing 15 mM KCl and 6 mM
EDTA.bound protein. Therefore, proteoliposomes mimic the bilayer pro-
tection against thermal denaturation, but the natural environment
with binding of a speciﬁc lipid has a primordial role in the stabil-
ization of the protein. Further investigation can be performed using
DSC, incorporating Na,K-ATPase in liposomes with other lipid com-
position to ﬁgure out the importance of certain lipids on the stabil-
ity of the protein, consequently in its function.
Conclusion
In conclusion, a quantitative description of how the investigated
factors inﬂuence the stability of Na,K-ATPase was done in this
work. Fig. 9 shows the DHt values found for thermal denaturation
of Na,K-ATPase in different conditions. Observation of Tables 1 and
2 shows that each factor studied has inﬂuenced differently on the
thermal unfolding of the domains. This suggests that the factors
interact and have effect on different parts of the Na,K-ATPase
structure. The results are relevant because it allows a comparison
with future studies with Na,K-ATPase, e.g. how the interaction
with other proteins or molecules interferes on the stability, or even
how the composition of the lipid bilayer can affect its stability and
function, revealing the importance of the lipid type contained in
cell membrane.
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